) and subsequent accumulation of hydrogen La Jolla, California 92037 peroxide (H2O2) . These reactive † Plant Biology Division oxygen intermediates (ROIs) are directly protective and The Noble Foundation also drive oxidative cross-linking of the cell wall (Lamb Ardmore, Oklahoma 73402 and . Moreover, ROIs induce arrays of cellular protectant and defense genes and also cue the collapse of challenged cells (Levine et al., 1994; Jabs et Summary al., 1996; Lamb and Dixon, 1997) . In the Arabidopsis lsd1 mutant, which forms HR-like lesions spontaneRecognition of an avirulent pathogen stimulates an ously, extracellular O2 Ϫ causes runaway cell death (Jabs oxidative burst generating O 2 Ϫ and H 2 O 2 , and these et al., 1996) , and such lesion mimic phenotypes suggest reactive oxygen intermediates (ROIs) cue the induction that the host cell death response is under genetic control of defense genes and cell death in the development (Dangl et al., 1996) . of a restricted lesion. This localized hypersensitive reHere we show that inoculation of Arabidopsis leaves with an avirulent strain of Pseudomonas syringae rapidly sponse (HR) is accompanied by the development of induces secondary oxidative bursts in small collections systemic acquired resistance to virulent pathogens.
of cells in distant tissues and uninoculated leaves, leadHere we show that inoculation of Arabidopsis leaves ing to low-frequency systemic micro-HRs, which leave with avirulent Pseudomonas syringae induces secno visible trace. Hence, the oxidative burst and hyperondary oxidative bursts in discrete cells in distant tissensitive cell death are not confined to the macroscopic sues, leading to low-frequency systemic micro-HRs.
HR at the inoculation site but are reiterated at discrete The primary oxidative burst induces these systemic microsites in distant tissues. The oxidative burst at the responses, and both the primary burst and the secondinoculation site induces these systemic cellular reary microbursts are required for systemic immunity.
sponses, and moreover, both the localized primary oxiHence, ROIs mediate a reiterative signal network undative burst and the subsequent secondary microbursts derlying systemic as well as local resistance rein distant leaves are required for the establishment of sponses.
SAR. These findings demonstrate that ROIs mediate a reiterative signal network that underlies systemic as well Introduction as local resistance responses.
Attempted infection by an avirulent pathogen elicits a Results battery of defenses often accompanied by the collapse of challenged plant cells (Hammond-Kosack and Jones, Rapid Systemic Induction of gst 1996). This hypersensitive response (HR) results in a Pseudomonas syringae pv. tomato (Pst) strain DC3000 restricted lesion, clearly delimited from surrounding carrying the avrRpt2 avirulence gene is recognized by healthy tissue. In addition, immunity to subsequent atArabidopsis thaliana ecotype Col-0, which carries the tack by a broad range of normally virulent pathogens RPS2 resistance gene (Bent et al., 1994 ; Mindrinos et develops throughout the plant . . Pst DC3000(avrRpt2) causes a macroscopic mobile signal inducing such systemic acquired resis-HR at the inoculation site and development of resistance in uninoculated (secondary) leaves to subsequent chaltance (SAR) and the nature of the immune state have lenge with the isogenic virulent Pst DC3000 strain lacknot been defined. The latter is correlated with systemic ing avrRpt2 (Cameron et al., 1994) . As with PR protein induction of genes encoding pathogenesis-related (PR) genes in other SAR systems , PR2 proteins and increased levels of peroxidase and hytranscripts began to accumulate in secondary leaves droxyproline in the cell wall, but it is unclear whether ‫2ف‬ days after inoculation of primary leaves with Pst these events are either necessary or sufficient to estab-DC3000(avrRpt2), with maximum levels after ‫4ف‬ days lish immunity. Salicylic acid is required for both the HR (data not shown). and the subsequent expression of SAR (Ryals et al., In contrast, gst transcripts accumulated in secondary 1996). However, the kinetics of salicylic acid release into leaves between 1 and 6 hr after Pst DC3000(avrRpt2) the phloem relative to the signal responsible for SAR inoculation, followed by decay to control levels after 8 (Rasmussen et al., 1991) , and grafting experiments with hr ( Figure 1 ). Accumulation of gst transcripts was only slightly delayed relative to the inoculated (primary) leaves, although the magnitude of gst induction 1-2 hr after ‡ To whom correspondence should be addressed.
inoculation varied between experiments, and the sus- § These authors contributed equally to this work.
tained accumulation of gst transcripts 4-6 hr after inocuPresent address: Depto. Química Bioló gica, Univ. Nacional de Có rdoba, Argentina.
lation provided a more reliable measure of the initial 1997). The nuclei of these cells become brightly stainable with 4Ј,6-diamino-2-phenylindole (DAPI) as the chromatin condenses. Examination of secondary leaves following inoculation of primary leaves with Pst DC3000 (avrRpt2) showed that the development of intense DAPI staining was not restricted to the inoculation site, and single cells or small aggregates of cells in which the nuclei were brightly stained could be observed in secondary leaves within 6 hr of bacterial inoculation ( Figures  2A and 2C ). Each secondary leaf contained about 50 DAPI-stainable cells or small cell aggregates ( Figure 2C ).
Nuclei stained after 32 hr were ‫%52ف‬ the size of those stained 6 hr after inoculation ( Figure 2D ), and no brightly stained nuclei were observed when DAPI was applied to secondary leaves 40-48 hr after inoculation of the primary leaf (Figures 2A and 2C ). However, a second wave of the DAPI response developed in secondary leaves beginning about 60 hr after inoculation, followed by the shrinkage and eventual disappearance of DAPIstainable nuclei (Figure 2A ). No bright DAPI staining of condensed nuclei was observed in secondary leaves of plants inoculated with virulent Pst DC3000 or mockinoculated with MgCl 2 (Figure 2A ). DNA fragmentation, monitored by terminal deoxynucleotidyl transferase-mediated dUTP nick end label- grammed cell death was not restricted to the macroscopic HR lesion at the inoculation site, but also occurred at a distance, in "micro-HRs", which left no visible systemic response (Figure 1) . A second phase of gst trace. Trypan blue staining of whole leaves allowed rouinduction in the distant leaves was observed 55-70 hr tine analysis of the induction and distribution of these after inoculation (Figure 1) . micro-HRs (Figure 3 ). Inoculation of mature leaves Systemic gst induction was observed with Pst DC3000
(leaves 5-10) with Pst DC3000(avrRpt2) induced micro-(avrRpt2) titers as low as 10 4 cfu/ml, whereas no gst HRs and gst in distant young leaves (leaves 40-45), and induction was observed in secondary leaves following inoculation of young leaves induced similar responses inoculation of primary leaves with 10 4 -10 7 cfu/ml virulent in mature leaves, indicating that the mobile signal could Pst DC3000, or mock inoculation with MgCl 2 (Figure 1) . move both up and down the shoot (data not shown). gst was not induced in secondary leaves if the primary Local inoculation of two primary leaves induced ‫05ف‬ leaves were detached immediately after inoculation micro-HRs in each secondary leaf after 24 hr. The kinet-(data not shown), and swabs from distant leaves failed ics were similar to those for the strong local response, to support PCR amplification of avrRpt2 sequences. The with a lag of 6-8 hr before trypan blue staining of discrete distant response thus reflects transmission of a signal dead cells was observed ( Figure 3E ). In contrast, there from the primary leaves and not direct induction rewas negligible cell death in leaves of control plants or in sulting from inadvertent contamination.
secondary leaves following mock inoculation of primary leaves with MgCl 2, and localized inoculation with virulent Systemic Micro-HRs Pst DC3000 gave only a weak, delayed induction of The rapid systemic induction ofgst prompted us to look for systemic cell death ( Figures 3A and 3D ). Wounding other H 2 O 2 -dependent features of the HR in secondary caused no systemic cell death (data not shown). leaves. Hypersensitive cell death involves activation of While some of the systemic micro-HRs were single a physiological program that in several incompatible dead cells, the majority comprised small clusters of interactions results in chromatin condensation and DNA mesophyll cells with between 2 and 6 dead cells per processing followed by the appearance of apoptoticmicro-HR, and micro-HRs were observed in both peripheral and central regions of distant leaves. Many of the like cell corpses ; Pennell and Lamb, micro-HRs were located adjacent to a vein (Figures 3A the secondary microbursts. Thus, the rapid accumulation of H2O2 in discrete, small collections of cells reflects and 3B). A similar periveinal pattern of cell death was also observed in the initial stages of the local response the activation of secondary microbursts at a distance from the site of pathogen inoculation. Moreover, these ( Figure 3B ), prior to the appearance of a macroscopic HR lesion 24-32 hr after inoculation, and in distant, uninmicrobursts are required for the induction of micro-HRs since in leaves locally inoculated with Pst DC3000 oculated tissues of the primary leaf ( Figure 3C ), equivalent to the micro-HRs in secondary leaves. Examination (avrRpt2), dip treatment of noninoculated tissues with DPI or catalase also substantially reduced the induction of trypan blue-stained cells at high magnification did not reveal evidence of infection at the distant sites (Fig- of cell death in these tissues ( Figure 3C ). ure 3F), and no fungal structures were observed in association with the collapsed cell corpses in light and elec-
The Localized Primary Oxidative Burst Induces tron microscopy of sections (Ͼ100 and Ͼ40 specimens the Systemic Cellular Responses examined, respectively) of DAPI-staining cell aggreWe next examined whether the localized oxidative burst gates from secondary leaves (Figures 3G and 3H) . SAR in the primary leaves was involved in the induction of or expression of SAR markers takes Ͼ1 day to develop the systemic cellular responses. Coinfiltration of either after the immunizing stimulus (Cameron et al., 1994;  catalase or DPI with Pst DC3000(avrRpt2) not only Ryals et al., 1996) . Hence, the rapid induction of sysblocked H 2 O 2 accumulation at the inoculation site, but temic cellular responses following localized inoculation also inhibited the subsequent induction of microbursts with Pst DC3000(avrRpt2) does not reflect expression in distant, untreated tissues ( Figure 5A ). Likewise, coapof SAR to a chronic low-level infection but is associated plication of DPI with Pst DC3000(avrRpt2) not only subwith early stages in the establishment in healthy plants stantially reduced the local induction of programmed of the underlying induced immune state.
cell death and delayed development of a visible lesion at the inoculation site, but also markedly inhibited the Systemic Microoxidative Bursts development of periveinal micro-HRs and blocked gst The observation of systemic micro-HRs suggested that induction in the secondary leaves ( Figures 3B, 3D , and H2O2 accumulation might likewise not be confined to the 6A). Preincubation of Pst DC3000(avrRpt2) with DPI did site of pathogen inoculation. To test this hypothesis, we not block induction of either the local HR or systemic stained leaves with diaminobenzidine (DAB), a histochemiresponses if the NADPH oxidase inhibitor was removed cal reagent for H2O2 (Thordal-Christensen et al., 1997) .
by washing the bacteria prior to plant inoculation, indiLittle DAB staining was evident in the leaves of control cating that DPI inhibition of the response did not reflect plants save for occasional staining of the base cell of a direct effect on the bacteria. trichomes ( Figure 4 ). As expected, Pst DC3000(avrRpt2)
Treatment of cell suspensions with the H 2 O 2 -generatinduced strong DAB staining dispersed throughout the ing system glucose (2.5 mM)/glucose oxidase (2.5 U/ inoculation site. However, DAB staining was also obml) (G/GO) results in the sustained accumulation of Ͼ5 served at discrete sites in distant tissues of the primary M H 2 O 2 (data not shown). Infiltration of G/GO into small leaf and in secondary leaves, in a similar pattern to regions of two leaves caused the rapid accumulation of the periveinal micro-HRs and clearly distinct from the gst transcripts in distant leaves with kinetics similar to trichome-associated staining (Figure 4 ). Strong DAB those observed in the systemic response to Pst DC3000 staining developed in the inoculated tissue within 2 hr (avrRpt2) (Figure 1 ). gst induction was markedly reduced of pathogen challenge, and staining at discrete sites in if the H2O2-generating system was preincubated with the uninoculated tissues of the primary leaf and in the catalase for 10 min ( Figure 6C ), indicating that the resecondary leaves was observed 1-2 hr later. Catalase sponse was due to H2O2 and not the substrate, enzyme, treatment of either inoculated or distant tissues markor gluconate coproduct. gst transcripts accumulated edly reduced DAB staining at the respective sites ( Figure  systemically to levels similar to those observed in pri-5), and hence, this staining reflected H 2 O 2 accumulation. mary leaves at the site of G/GO treatment ( Figure 6C ), The observation of H 2 O 2 accumulation in small collecand the induction of gst in secondary leaves following tions of cells in noninoculated tissues implies the activalocal treatment of primary leaves with the H 2 O 2 -generattion of secondary microoxidative bursts. To check this ing system was comparable to the systemic response conclusion, we examined the effects of diphenylene ioto Pst DC3000(avrRpt2) ( Figure 6B ). Moreover, a single dinium (DPI), an inhibitor of the neutrophil plasma memapplication of G/GO was sufficient to cause a second brane NADPH oxidase, which blocks the oxidative burst gst induction after about 60 hr, roughly concomitant in plant cells with comparable potency (Levine et al., with the second phase of the systemic response to Pst 1994). Coinoculation of Pst DC3000(avrRpt2) with 2.5 DC3000(avrRpt2) ( Figure 1A) . Detachment of the primary M DPI markedly reduced the localized accumulation leaves 5 hr after G/GO treatment did not prevent the of H 2 O 2 in the pathogen-challenged tissue, thereby demsubsequent induction of gst in secondary leaves at 60 onstrating the efficacy of DPI in Arabidopsis leaves (Fighr (Figure 6D ), demonstrating that even for this delayed ure 5A). Moreover, dipping noninoculated tissues of the systemic response the oxidative burst cues a direct sigprimary leaf in 2.5 M DPI immediately after localized Pst nal rapidly transmitted from the primary leaf. DC3000(avrRpt2) inoculation blocked the subsequent Likewise, generation of H 2 O 2 in situ by G/GO infiltration accumulation of H 2O2 in the DPI-treated tissue, while into small regions of two primary leaves fully recapitu-DAB staining at microsites in the nondipped tissue was lated the rapid induction of systemic microbursts (data still observed ( Figure 5B ). As a control for leaf manipulation, dipping uninoculated tissues in MgCl 2 did not block not shown) and the resultant micro-HRs (Figures 2, 3A , 3D, and 3E). As expected, infiltration of the H2O2-generof SAR suggested that the systemic microbursts might ating system also caused local programmed cell death, also contribute to the establishment of this immunity. illustrated by strong TUNEL in primary leaves (Figure To test this hypothesis, we examined the effect of DPI 2B), but this was not followed by visible tissue collapse treatment of secondary leaves on the subsequent exto give a macroscopic HR lesion (Figure 7) . The kinetics pression of SAR. In this experiment, the NADPH oxidase for H 2 O 2 induction of systemic cell death were similar to inhibitor was administered by gently brushing 2.5 M those for the local response to G/GO infiltration and for DPI over the entire surface of several uninoculated (secthe response to Pst DC3000(avrRpt2) ( Figure 3E ). Hence, ondary) leaves. Compared to infiltration from a syringe, the systemic responses to localized generation of ROIs this procedure reduced mechanical perturbation of the proceed in parallel to the local responses.
test leaves and gave a more uniform treatment of tissues prior to local challenge inoculation Ͼ40 hr later. PretreatLocalized Oxidative Burst Induces SAR ment of tissues with DPI 24-48 hr prior to inoculation The demonstration that the primary oxidative burst with Pst DC3000(avrRpt2) did not compromise the local stimulated rapid cellular responses in distant leaves HR, and likewise, administration of DPI to secondary prompted us to test whether ROIs generated at the site leaves 8 hr after Pst DC3000(avrRpt2) inoculation of of the immunizing inoculation with avirulent pathogen primary leaves, that is, after the transient microbursts, were also involved in the establishment of SAR. Localhad no effect on the subsequent expression of SAR ized generation of H 2 O 2 in situ by G/GO infiltration into following challenge inoculation with Pst DC3000 40 hr small regions of two primary leaves caused systemic later (data not shown). However, administration of DPI induction of PR2 transcripts as a molecular marker for to secondary leaves immediately prior to the activation SAR ( Figure 6E ), accompanied by the development of of the microbursts, 2.5 hr after inoculation of primary resistance in secondary leaves to subsequent challenge leaves, compromised the establishment of systemic imwith virulent Pst DC3000 (Figure 7) , or a virulent strain of munity (Figure 7 ), such that bacterial growth following Pseudomonas syringae pv. maculicola (data not shown).
inoculation of the DPI-treated secondary leaves with Pst Bacterial growth was markedly suppressed (P Ͻ 0.02 4 DC3000 45.5 hr later was comparable to that in naive days after challenge) to levels comparable to or lower control plants and 4 days after challenge was 20-fold than those observed in challenged secondary leaves of greater than in SAR-positive controls (P ϭ 0.05). plants in which SAR had been induced by prior inoculation with Pst DC3000(avrRpt2) (Figure 7 ). Systemic resisDiscussion tance to Pst DC3000 (10 5 cfu/ml) in G/GO-induced plants was manifest by the absence of spreading chlorosis, and
Novel Systemic Cellular Responses overviews of multiple challenge sites showing almost no
In a search for markers of induced immunity, we obvisible damage provided a striking illustration of the served that local inoculation of Arabidopsis with Pst systemic immunity induced by localized generation of DC3000(avrRpt2) caused a rapid systemic induction of H 2 O 2 in situ (Figure 7) . Detachment of primary leaves 8 gst, and this finding prompted us to test whether other hr after G/GO treatment did not block the development local responses cued by the oxidative burst were also of SAR in the secondary leaves (Figure 7) , indicating induced systemically. Although hitherto unsuspected, that, as with induction of the cellular responses, the microbursts and associated micro-HRs appear to be ROI signal for SAR is also rapidly transmitted from the integral components of the battery of responses actiprimary leaf.
vated following pathogen recognition. Thus, the sysConversely, if primary leaves were coinoculated with temic cellular responses are rapidly induced, with microPst DC3000(avrRpt2) and DPI, disease symptoms were bursts starting only 1-2 hr after the onset of the localized observed on subsequent challenge of secondary leaves primary oxidative burst, and subsequent events in the with Pst DC3000 (Figure 7) . Moreover, bacterial growth micro-HRs followed similar time lines to the correspond-4 days after challenge inoculation of plants in which ing responses at the inoculation site. The pattern of the response to the immunizing inoculation had been H 2 O 2 accumulation and cell death at discrete sites in the blocked by treatment of the primary leaves with DPI was distant tissues, together with the sensitivity of these ‫-09ف‬fold greater than in positive control plants exhibsystemic responses to inhibition by topical application iting SAR (P Ͻ 0.03) and was comparable to or greater of DPI or catalase, implies that the systemic responsthan in naive plants inoculated with Pst DC3000 (Figes involve secondary ROI generation to reiterate ROIure 7).
induced cell death beyond the HR lesion. The low frequency of Pst DC3000(avrRpt2)-induced Function of Systemic Microbursts in SAR Induction systemic cell death, resulting in a small number of comThe observation that the localized oxidative burst at the site of pathogen inoculation initiated the development pacted corpses surrounded by apparently normal cells, means that the micro-HRs leave no visible trace and are all cells in the inoculated areas would be directly exposed to the stimulus, these observations suggest that not easy to detect microscopically. Moreover, localized H2O2 accumulation and other early indicators of the syssome periveinal cells may be particularly sensitive to inducing signals or be otherwise predisposed to activate temic micro-HRs are rapid, transient events and hence difficult to detect without prior delineation of the approan oxidative burst. In line with this conclusion, the onset of cell death in several lesion mimic mutants is tissuepriate kinetic window from the analysis of gst induction. These considerations likely explain why reiteration at or developmental stage-specific (Dangl et al., 1996) . systemic microsites of such well-established features of the initial local response has not been reported.
Localized Oxidative Burst Generates the Mobile Signal The microbursts and resultant micro-HRs were frequently adjacent to veins, similar to the pattern of While an additional signal is required for the HR to develop into a visible lesion (Glazener et al., 1996) , both MsPR10-1 induction in alfalfa leaves inoculated with Pseudomonas syringae pv. pisi (Breda et al., 1996) . This gain-and loss-of-function experiments demonstrated that the localized pathogen-induced oxidative burst not distribution might reflect greater exposure of periveinal cells to the mobile signal. However, unusually rapid only induces rapid periveinal programmed cell death in the challenged tissues, but also triggers long-distance death of periveinal cells was observed in the Cf2 resistance gene-mediated localized response of tomato responses. Inhibition of the accumulation of DAB-staining material demonstrated the efficacy of DPI in Arabileaves to infiltration of race-specific elicitors of Cladosporium fulvum , and dopsis leaves, and parallel experiments with catalase confirmed that DPI inhibition of systemic responses inlikewise, in the present study a small subset of periveinal cells at the site of inoculation with Pst DC3000(avrRpt2) deed reflected the inhibition of H 2 O 2 accumulation. Direct application of H 2 O 2 fails to induce SAR (Neudied more rapidly than other cells in the inoculated tissue and well before the appearance of the HR lesion. Since enschwander et al., 1995) . However, plant cells rapidly metabolize exogenous H2O2, and a sustained oxidative al., 1995), and O2 Ϫ is a mitogen in ras-transformed fibroblasts (Irani et al., 1997) . Moreover, ROIs stimulate proburst is required for induction of hypersensitive cell death (Levine et al., 1994; Bestwick et al., 1997; grammed cell death in the immune system and in several human diseases (Vaux et al., 1994) . In contrast to these and Dixon, 1997). Continuous generation of H 2 O 2 in situ by infiltration of G/GO thus provides a more authentic intracellular or local intercellular signal functions, the pathogen-induced oxidative burst generates a signal reconstruction of the pathogen-induced oxidative burst. The local generation of H 2 O 2 in situ recapitulated the capable of inducing systemic as well as local responses. While O 2 Ϫ is too reactive to move throughout the plant, systemic response to Pst DC3000(avrRpt2), and the kinetics of the systemic response to G/GO are fully consis-H 2 O 2 is less reactive and accumulates at the site of the pathogen-induced oxidative burst. H2O2 can diffuse tent with the proposed function of the pathogen-induced oxidative burst in long-distance signaling. Moreover, the between and through cells and, although rapidly metabolized, can act in cell suspensions as a diffusible interrapid systemic induction of gst, microbursts, and early markers of cell death, and the similarly rapid transmiscellular signal for gst induction (Levine et al., 1994) . Moreover, the kinetics for initiation of systemic cellular sion of the mobile signal for second phase gst induction and establishment of SAR indicate that ROIs have direct responses implies rapid movement of the mobile signal through the plant, as would be required for the participasignal functions. Thus, elaboration of the mobile signal does not require completion of the cell death program, tion in long-distance signaling of a relatively short-lived metabolite. and ROIs induce local and distant responses in parallel.
ROIs are second messengers for several cytokines H 2 O 2 is an intracellular second messenger activating NF-B in the induction of inflammatory, immune, and and growth factors (Lo and Cruz, 1995; Sundaresan et (E) Induction of PR2 transcripts in secondary leaves 56 hr after treatment of primary leaves with Pst DC3000(avrRpt2) or G/GO. G/GO* denotes 10ϫ the standard treatment of 2.5 mM glucose and 2.5 U/ml glucose oxidase.
acute phase responses by diverse stress stimuli (Bauerle triggers cell death in the micro-HRs, would also be expected to contribute to the induction of this immunity. and Baltimore, 1996) . Although plant homologs of NF-B This conclusion was confirmed by the demonstration have not been described, the disease resistance genes that the establishment phase of SAR is sensitive to DPI N, L6, and Rpp5 show significant similarity to the intreatment of secondary leaves specifically at the onset terleukin-1 receptor and Toll (Bent, 1996) , which activate of the microbursts. By analogy with the initial ROI-medi-NF-B-mediated responses (Bauerle and Baltimore, ated responses at the inoculation site, we propose that 1996). In addition, the Arabidopsis NIM1 gene (identical ROIs generated at secondary microsites mediate cell to NPR1, Cao et al., 1997), which is required for both death, defense induction, and signal propagation in parthe local expression of protective mechanisms and for allel. SAR, encodes a protein with some similarities to the Constitutive expression in potato of a microbial glu-NF-B inhibitor IB (Ryals et al., 1997) .
cose oxidase gene confers broad spectrum resistance NF-B does not respond directly to H 2 O 2 and is (Wu et al., 1995) . The widespread accumulation of low thought to be activated by secondary signals generated levels of H 2 O 2 preinduces an array of defenses including by the reaction of membrane lipids with ROIs (Bauerle chitinase, peroxidase, and lignification, accompanied and Baltimore, 1996). Likewise, while H 2 O 2 is a candidate by elevated levels of conjugated salicylic acid (Wu et mobile signal in plants, the signal system may also inal., 1997). ROIs generated systemically by the secondary volve a more stable product generated by further metabmicrobursts might likewise function in induced immunity olism of ROIs with a cellular substrate. Jasmonic acid, by low-level activation of defense responses throughout an oxygenated derivative of the plasma membrane fatty the plant. Although microbursts are low-frequency events, acid linolenic acid, functions as a local transducer of they are widely distributed and would in aggregate prothe systemic peptide wound signal system (Doares et vide an effective systemic relay of ROI signals for deal., 1995) . Jasmonic acid does not appear to have a fense induction initially generated by the primary, localsecond function in SAR , and indeed, ized oxidative burst. Moreover, the further wave of its synthesis is blocked by activation of the SAR signal systemic gst induction and DAPI staining about 60 hr pathway (Creelman and Mullett, 1997) . However, the after Pst DC3000(avrRpt2) inoculation indicates a cainvolvement of oxygenation reactions in jasmonic acid pacity for multiple reiterations of ROI generation to mainsynthesis suggests a chemical model for the generation tain immunity. of secondary signal molecules from ROIs.
Such a mechanism would require signal amplification for reiteration of the ROI-mediated systemic signal netFunction of Microbursts in SAR work. Defense activation in response to pathogen chalWhile selective cell deletion is an integral part of animal lenge is sensitized in several lesion mimic mutants development and immune system function, release of (Bü schges et al., 1997; Dietrich et al., 1997; Gray et al. , mobile signals for cell death, such as soluble forms of 1997). Moreover, in the HR, salicylic acid potentiates a the Fas ligand or tumor necrosis factor-␣, is associated gain control for the amplification of avirulence signals with pathological states (Thompson, 1995) . In contrast, upstream of both the oxidative burst and induction of pathogen induction of systemic micro-HRs is not assodefense genes including pal, which encodes phenylalaciated with pathogenesis but with SAR. Moreover, since nine ammonia-lyase, the first enzyme in salicylic acid the primary oxidative burst initiates the establishment biosynthesis (Shirasu et al., 1997) . H2O2 likewise primes stimulation of the oxidative burst by avirulence signals of SAR, the rapid secondary generation of ROIs, which propose that similar, highly geared amplification circuits (v/v) formaldehyde, and 1.5% (v/v) glutaraldehyde for 3 hr at 22ЊC. also operate in the induction of microbursts and microSpecimen preparation and examination were as described by Levine HRs in distant organs following perception of the mobile et al. (1996). signal to potentiate reiteration of ROI signals.
